ABSTRACT. Nitric oxide (NO) is a free radical and produced from L-arginine by nitric oxide synthase (NOS). Since NO is recently suggested to be involved in olfactory perception, the expression of eNOS, an isoform of NOS, was examined in the rat olfactory epithelium. The activity of NADPH-diaphorase was also examined as a marker of NOS. In the dorsomedial region of the nasal cavity, intensely positive reactions for NADPH-diaphorase were observed in the entire cytoplasm of sensory cells (olfactory cells). By immunohistochemistry, intensely positive reactions for eNOS were also found in the dorsomedial region of the nasal cavity. These reactions were observed on the free border of the olfactory epithelium. By immunoelectron microscopy, positive reactions for eNOS were found in the cilia of olfactory cells. In addition, in situ hybridization analysis of the olfactory epithelium revealed the expression of eNOS mRNA in the olfactory cells. These results indicate the presence of eNOS in the olfactory cells of the rat, and differential expression of eNOS in the olfactory epithelium depending on the regions of the nasal cavity. In addition, NO produced by eNOS may be involved in olfactory perception in the cilia of olfactory cells.
Nitric oxide (NO) is a free radical with many functions in the cardiovascular, nervous, and immune systems [2] . Biologically, NO is produced from L-arginine by nitric oxide synthase (NOS). NOS is divided into 3 types of major isoforms, i.e., neuronal NOS (nNOS), endothelial NOS (eNOS), and inducible NOS (iNOS). The nNOS and eNOS are constitutive forms of NOS and mainly expressed in the neuronal and endothelial cells, respectively. The iNOS is an inducible form of NOS and mainly expressed in macrophages [15] .
Primary function of NO is the activation of soluble guanylyl cyclase (sGC) to increase cGMP levels [1] . In the cilia of the rat sensory cells (olfactory cells), it is reported that odorant-stimulus induces the increase of cGMP levels and that specific NOS inhibitor L-N G -nitro arginine or NO scavenger hemoglobin inhibits this increase [4] . These findings indicate that odorant-stimulus induces NO production in the rat olfactory cells. Schmachtenberg et al. (2000 Schmachtenberg et al. ( , 2003 reported that NO-stimulus induces outward potassium currents in 30 out of 72 olfactory cells and inward potassium currents in 3 out of 54 cells by physiological study [36, 37] . In the cilia of rat olfactory cells, moreover, NO-stimulus is reported to activate or inhibit olfactory cyclic nucleotidegated (CNG) channels [5, 6, 28, 36, 37] . These reports suggest that NO is produced by the olfactory cells in response to odorant-stimulus, and has inhibitory and/or weakly excitatory effects to the olfactory cells by gating of CNG channel. However, it is still unclear which type of NOS isoforms generates NO in the olfactory cells of the rat. Because it has been reported that iNOS and eNOS are expressed in the olfactory epithelium of cattle and mouse, respectively [7, 43, 44] , it is possible that NOS isoforms expressed in the olfactory epithelium vary among different species.
In the rat olfactory epithelium, it has been widely accepted that nNOS is transiently expressed from embryonic period to early postnatal life, but absent in the adult [3, 19, 26, 35] . On the other hand, eNOS is reported to be expressed not only in endothelial cells but also in the granule cells of the olfactory bulb and cerebellum, hippocampal pyramidal cells, and nodose ganglion cells in the adult animals [11, 46] . Since these reports suggest that eNOS is expressed in several nervous systems including the olfactory system, we focused on eNOS as a candidate of major enzyme to produce NO in the rat olfactory epithelium.
In addition, because NOS protein contains NADPH-diaphorase activity, the NADPH-diaphorase activity is extensively used as a marker of NOS [10, 44, 48] . In the rat olfactory mucosa, NADPH-diaphorase activities were observed in cell bodies of the olfactory cells on the dorsal recess of the nasal cavity, the upper third of the nasal septum, and at the tip of the dorsal endoturbinates and ectoturbinate [10] . However, it has not been determined whether the localization of NADPH-diaphorase activity corresponds to that of the NOS protein in the rat nasal cavity.
Consequently, in the present study, we examined localization of NADPH-diaphorase activity and immunoreactivity for eNOS to demonstrate the distribution of eNOS in the rat nasal cavity. Furthermore, we performed immunoelectron microscopy and eNOS in situ hybridization to determine localization of eNOS protein and mRNA in the rat olfactory epithelium.
MATERIALS AND METHODS
Seventeen male Wistar rats (8 weeks) were used as materials. All procedures were approved by the local animal ethical committee of Iwate University.
Animals and tissue processing: Animals were anesthetized by pentobarbital (60 mg/kg; intraperitoneal injection) and transcardially perfused with Ringer's solution followed by 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB; pH 7.4) for NADPH-diaphorase histochemistry and in situ hybridization, or with Zamboni's fixative (4% PFA, 0.5% picric acid in 0.1M PB; pH 7.4) for immunohistochemistry, or with a fixative (4% PFA, 0.1% glutaraldehyde in 0.1 M PB; pH 7.4) for immunoelectron microscopy. Nasal septum and nasal conchae were removed, washed in 0.01 M phosphate buffered saline (PBS; pH 7.4) for 10 min at three times and soaked in 30% sucrose in PBS overnight at 4ºC. They were embedded in O.C.T. Compound (Sakura Finetech, Tokyo, Japan), frozen and sectioned coronally at a thickness of 10 μm.
NADPH-diaphorase histochemistry: Frozen sections were washed in PBS for 5 min at three times and then incubated in the dark at 37ºC in 0.05 M Tris-HCl (pH 7.6) containing 1.45 mM β-NADPH, 0.5 mM nitroblue tetrazolium (NBT), and 0.3% Triton X-100 for 4 hr. After washing in PBS, the sections were washed in pure water for 5 min, and coverslipped with PBS-glycerin.
Immunohistochemistry: Frozen sections were washed in PBS, soaked in methanol containing 0.3% H 2 O 2 at room temperature for 20 min, and washed in PBS. To prevent non-specific binding, the sections were incubated in the normal donkey serum (1:50) diluted by the dilution buffer (2 mM NaH 2 PO 4 , 5 mM Na 2 HPO 4 , 0.37 M NaCl, 0.5% Triton X-100) at room temperature for 30 min and washed in PBS. They were then incubated overnight at 4ºC in anti-eNOS antiserum (1:500, Cayman, Ann Arbor, MI, U.S.A.). For controls, the sections were incubated in dilution buffer without antiserum. After washing in PBS, the sections were incubated in biotinylated anti-rabbit donkey antiserum (1:500, Jackson ImmunoResearch, West Grove, PA, U.S.A.) for 30 min, washed in PBS and incubated in an avidin-biotin-peroxidase complex (Vector Laboratories, Burlingame, CA, U.S.A.) for 30 min. After washing in PBS, the sections were incubated in 0.02% diaminobenzidine (DAB) in Tris-HCl buffer containing 0.006% H 2 O 2 for 5-10 min, and washed in PBS and pure water. Finally, the sections were dehydrated in a graded series of ethanol, cleared in xylene, and coverslipped.
Immunoelectron microscopy: Frozen sections were washed in PBS and incubated in the normal donkey serum (1:100) diluted by PBS at room temperature for 1 hr to prevent non-specific binding. The sections were incubated 3 days at 4ºC in anti-eNOS antiserum as in immunohistochemistry. For controls, the sections were incubated in PBS without antiserum. After washing in PBS, the sections were incubated in biotinylated anti-rabbit donkey antiserum as in immunohistochemistry for 2 hr, washed in PBS, and incubated in an avidin-biotin-peroxidase complex for 1 hr. After washing in PBS, the sections were incubated in 0.02% DAB in Tris-HCl buffer in the absence of H 2 O 2 for 1 hr, and incubated in 0.02% DAB in Tris-HCl buffer containing 0.006% H 2 O 2 for 10-15 min. The sections were washed in PBS, postfixed with 1% osmium tetroxide (OsO 4 ) in PB for 1 hr at 4ºC, dehydrated and embedded in a resin mixture. Ultrathin sections were stained with platinum blue [21] and lead citrate and examined with an electron microscope (JEM-1010, JEOL, Tokyo, Japan).
In situ hybridization: For probe preparation, on the basis of sequence of the rat eNOS, RT-PCR was performed to obtain dsDNA clone of the rat eNOS. Digoxigenine (DIG)-labeled T7 cRNA probes were synthesized from 50 ng of dsDNA template by a DIG RNA Labeling Kit (175025, Roche, Basel, Switzerland). The procedures used for section treatment and hybridization were based on those used by Tsuboi et al. (1999) with a minor modification described as follows [41] . Frozen sections were covered with 10 μl in situ hybridization solution containing 5 ng/μl cRNA probe. The sections were incubated in alkaline phosphatase-conjugated anti-DIG antiserum (1:1,000, D5105, DAKO, Glostrup, Denmark) diluted by 0.5% casein solution at room temperature for 1 hr. Signals were detected by NBT and 5-bromo-4-chloro-3-indolyl phosphate (BCIP) at room temperature for 1 hr.
RESULTS

NADPH-diaphorase histochemistry in the olfactory epithelium:
Olfactory cells varied in reaction for NADPH-diaphorase. They were classified into three types according to their reactions. One cell was intensely positive in its entire cytoplasm (type A cell). Another cell was positive only in its dendrite and a part of perinuclear cytoplasm (type B cell). The other cell was weakly positive in a part of perinuclear cytoplasm (type C cell). On the other hand, supporting and basal cells were uniform in reactions for NADPH-diaphorase throughout the olfactory epithelium. That is, supporting cells were positive for NADPH-diaphorase in their apical parts, and basal cells were negative in its entire cytoplasm. In addition, Bowman's glands were positive throughout the olfactory mucosa.
The intensity of the NADPH-diaphorase reaction varied from intense to weak in the olfactory epithelium. The intensely positive reaction was observed in the olfactory epithelium lining the dorsomedial region of the nasal cavity (Fig. 1A) . The olfactory epithelium in this region contained many type A cells and a few type B cells (Fig. 1B) . Positive reactions in the olfactory nerve bundles were observed in the propria mucosa in this region (Fig. 1E) . Weakly positive reaction was observed in the olfactory epithelium covering a part of endoturbinate II' (Fig. 1A) . The olfactory epithelium in this region contained a few type A cells and many type B cells (Fig. 1C) . In the olfactory epithelium lining the other region of the nasal cavity, only a few type B cells were encountered among many type C olfactory cells (Fig. 1D) .
NADPH-diaphorase reactions were mapped onto drawings representing coronal sections through the rat nasal cavity (Fig. 2) . Nomenclatures of the nasoturbinates were used after Liebich [27] . Near the rostral extremity of the nasal cavity, the olfactory epithelium was weakly positive in a part of the dorsomedial region of the nasal cavity ( Fig. 2A) . A bit caudally, the olfactory epithelium was weakly positive in the dorsal region and intensely positive in the dorsomedial and dorsolateral regions of the nasal cavity (Fig.   2B ). More caudally, the olfactory epithelium was intensely positive in a wide range of the dorsal region of the nasal cavity and on the dorsal region of endoturbinate II (Fig.  2C-G) . Posteriorly, the olfactory epithelium was intensely positive in the dorsal and middle regions of the nasal cavity and on a part of endoturbinate II, II', III, IV and ectoturbinate 1, 2 ( Fig. 2H-J) .
Immunohistochemistry for eNOS in the olfactory epithelium: The intensity of the eNOS immunoreactivity varied from intense to weak on the free border of the olfactory epithelium. The intense eNOS immunoreactivity was observed on the free border of the olfactory epithelium lining the upper part of the nasal cavity (Fig. 3A) . In this region, a few olfactory cells were faintly positive in the perinuclear cytoplasm, and olfactory nerve bundles were positive. The moderate eNOS immunoreactivity was observed on the free border of the olfactory epithelium adjacent to the region described above (Fig. 3B ). In the other region of the olfactory epithelium, the immunoreaction was weakly positive on the free border and in the apical layer (Fig. 3C) . In addition, the eNOS immunoreactivity was positive in the vascular endothelial cells throughout the olfactory mucosa. No positive reaction was observed in the section incubated with dilution buffer without antiserum (data not shown).
The eNOS immunoreactivities were mapped onto drawings representing coronal sections through the rat nasal cavity (Fig. 4) . Rostrally, weakly positive reaction was observed in the olfactory epithelium ( Fig. 4A and 4B ). More caudally, intensely positive reaction was observed in the olfactory epithelium lining the dorsal region of the nasal cavity, and moderately positive reaction was observed in the olfactory epithelium next to the region with intensely positive reaction described above (Fig. 4C-F) . In the posterior part of the nasal cavity, the intensely positive reaction was observed in the olfactory epithelium lining the dorsomedial region of the nasal cavity described above and covering a part of endoturbinate II, II', IV and ectoturbinate 1, 2, 3 ( Fig. 4G-J) . The moderately positive reaction was observed in the olfactory epithelium next to the region with intensely positive reaction as in previous sections, and in the olfactory epithelium lining ventral regions of the nasal cavity ( Fig. 4G and 4H) .
By immunoelectron microscopy, eNOS immunoreactivity was observed at the distal part of cilia extending from the dendritic bulb of the olfactory cell (Fig. 5A ). This immunoreactivity was also observed on the cell membrane of the cilia (Fig. 5B) . The immunoreactivity was negative in dendrites and dendritic bulbs of the olfactory cells, and microvilli of the supporting cells. No positive reaction was observed in the section incubated in the dilution buffer without the primary antiserum (Fig. 5C) .
In situ hybridization using eNOS probe: By in situ hybridization with an antisense probe for eNOS, signals were detected in the apical layer with nuclei of supporting cells and the middle layer with many nuclei of olfactory cells, but negative in the basal cells (Fig. 6A) . The signals observed in the middle layer were more intense than those in the apical layer. No signals were observed in the sections hybridized with a sense probe (Fig. 6B) .
DISCUSSION
In the present study, the olfactory cells were divided into three types according to the NADPH-diaphorase reactions; type A, type B and type C cells. Type A cells were intensely positive in their entire cytoplasm. Type B cells were positive in dendrites and a part of perinuclear cytoplasm. Type C cells were weakly positive in a part of perinuclear cytoplasm. These results indicate that NADPH-diaphorase activities differ among these types of olfactory cells. On the other hand, NADPH-diaphorase activity has been reported to colocalize with NOS protein in several nervous tissues such as brain and retina [9, 20] . Since the reactions of NADPH-diaphorase varied among olfactory cells in the present study, the colocalization of NOS with NADPH-diaphorase may indicate that NOS is expressed in the olfactory cells with varying intensities among these cells. Although all isoforms of NOS require electrons from NADPH to synthesize NO, we focused on eNOS isoform because eNOS has been reported to be expressed in several nervous systems including the olfactory system [11, 46] .
In the present study, eNOS immunoreactivities were observed on the free border of the olfactory epithelium, and their intensities varied at different regions of the olfactory epithelium as in NADPH-diaphorase reactions. The differ- ences in NADPH-diaphorase activity and expression of eNOS protein may reflect differences in quantity of NO produced in the olfactory epithelium. In addition, many reports suggested subcellular migration of eNOS protein after translation [23, 33] . Therefore, eNOS protein may also migrate in the olfactory cells, and bring about differences in intensity for eNOS immunoreactivities among various parts of cells to reflect differences in the quantity of eNOS protein in the subcellular localization of the olfactory cells. It has also been reported that G-protein alpha s/alpha olf (Gs/olf) and type III adenylate cyclase (ACIII) were expressed in the ciliated layer of the rat olfactory epithelium [12, 45] , and that α2 subunit of olfactory cyclic nucleotidegated (CNG) channels were expressed strongly in cilia but much weakly in dendrites and somata of the rat olfactory cells [31] . These proteins have been known to be associated with olfactory signal transduction. On the other hand, eNOS protein was demonstrated on the free border of the olfactory epithelium in the present study. This accordance of cellular localization between these proteins and eNOS protein indicates involvement of eNOS in the olfactory signal transduction. At the electron microscopic level, NO was suggested to be produced by eNOS in the cilia of the olfactory cells in the present study. In addition, many molecules involved in the signal transduction, such as Gs, Golf, ACIII, and CNG channel, are expressed in the distal parts of cilia of the olfactory cells [29, 30] . Their distributions correspond to the localization of eNOS protein observed in the present study. Therefore, it is possible that NO may contribute to the olfactory signal transduction at the cilia of the olfactory cells.
In the rat olfactory cells, Schreiber et al. (2000) reported that caveolin existed in cilial membrane, and anti-caveolin antibodies effectively inhibited cAMP formation in response to odorants [38] . In addition, caveolin binds with eNOS protein and mediates its activity in the vascular endothelial cells [18] . Therefore, eNOS protein may also bind with caveolin in the cilia of the olfactory cells and contribute to the olfactory signal transduction in caveolin-mediated pathway.
On the other hand, in the present study, the olfactory epithelium in the dorsomedial region of the nasal cavity contained many olfactory cells intensely positive for NADPHdiaphorase and eNOS. There is one possibility that these results are correlated with the localization of particular olfactory receptors. It has been reported that several olfactory receptors were expressed in the restricted region of the rat nasal cavity [24, 42] , and that olfactory receptors OR14 and OR16 were expressed in the olfactory epithelium lining dorsomedial region of the rat nasal cavity [24] . Therefore, eNOS protein may be expressed more intensely in the olfactory cells expressing OR14 and OR16 than in those cells expressing other receptors. There is another possibility that the intensity of positive reactions of NADPH-diaphorase and eNOS are correlated with intensity of stimulus in the nasal cavity. Miyawaki et al. (1996) proposed that the most dorsomedial region of the nasal cavity was the primary site exposed to the highest concentration of inhaled chemicals [32] . In addition, this region contained many olfactory cells intensely positive for eNOS in the present study. Therefore, if varieties in expression of eNOS protein in the nasal cavity reflect differences in intensities of NO production in response to these stimuli, NO may suppress the excitability of the olfactory cells exposed to severe stimuli.
Results of in situ hybridization in the present study would indicate that eNOS mRNA is expressed throughout the olfactory epithelium without region-specific manner. Thus, eNOS mRNA seems to be expressed ubiquitously in the olfactory epithelium, although the expression of eNOS proteins was restricted to the olfactory epithelium in the specific region of the nasal cavity. In addition, eNOS mRNA is known to be stable and have a long half-life at 16-48 hr [40, 47] . Since newly transcribed eNOS mRNA is subject to posttranscriptional regulation at multiple levels, its transcription kinetics and stability change before it becomes translated into protein [13, 34, 39] . Translation of eNOS mRNA to eNOS protein in olfactory cells may be repressed or promoted at different sites, which may enable eNOS protein to be expressed in the olfactory cells with particular olfactory receptors as mentioned above. One possible reason for this regional translation of eNOS mRNA is the airflow in the nasal passages. It is known that the airflow in the dorsomedial region of the rat nasal cavity is much faster than that in the other regions [25] . This region corresponds with the region containing intensely positive olfactory cells for eNOS. Because it has been reported that posttranscription of eNOS mRNA is affected by many stimuli such as hypoxia, laminar shear stress, and cell growth [14, 39] , the airflow may be one of the stimuli regulating translation of eNOS mRNA to eNOS protein.
In the present study, positive reactions of NADPH-diaphorase were also observed in the supporting cells and Bowman's glands. On the other hand, several enzymes other than NOS require electrons from NADPH, and some of them are known to be expressed in the rat olfactory mucosa [8, 16, 22] . For example, isoforms of cytochrome P450 enzymes; NMa, NMb, and CYP2F are expressed in the apical cytoplasm of supporting cells and Bowman's glands in the rat olfactory mucosa [8, 16] . Since the accumulation of evidences indicate that supporting cells and Bowman's glands are not the primary sites of olfactory perception [17] , it is possible that NADPH-diaphorase activities in the supporting cells and Bowman's glands are not directly involved in the olfactory perception, but these activities may be due to expressions of NADPH-related proteins other than eNOS.
